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Abstract 
Volatile organic compounds (VOCs) are important precursors of both ozone and secondary organic aerosols in the atmosphere, some of which 
are carcinogenic, teratogenic, or mutagenic. VOCs in ambient air originate from many sources, including vehicle exhausts, gasoline 
evaporation, solvent use, natural gas emissions, and industrial processes, and undergo intricate chemical reactions in the atmosphere. To 
develop efficient air pollution remediation strategies, it is important to clearly identify the emission sources and elucidate the reaction 
mechanisms in the atmosphere. Recently, Kikuchi and Kawashima (2013)1 and Kawashima and Murakami (2014)2 used gas 
chromatography/thermal conversion (combustion)/isotope ratio mass spectrometry coupled with a thermal desorption instrument (TD-
GC/IRMS) to measure hydrogen (δ2H) and carbon (δ13C) stable isotope compositions  of atmospheric VOCs. In these studies, larger δ2H 
differences between sources were found in comparison to the corresponding δ13C. Therefore, determining δ2H values of VOCs in ambient air is 
potentially useful in identifying VOC sources and their reactive behaviors in the atmosphere. However, to elucidate the sources and behavior of 
atmospheric VOCs more accurately, isotopic fractionation during atmospheric reaction must be characterised. Although some studies on 
hydrogen and carbon isotope fractionation during photochemical reactions have been reported3,4, additional studies of photochemical reactions 
under different wavelengths and irradiation times should be conducted. In this study, we determined the δ2H values of the atmospheric VOCs 
undergoing various irradiation conditions.  
Keywords: Type your keywords here, separated by semicolons ;  
1. Introduction 
Volatile organic compounds (VOCs) are important precursors of both ozone and secondary organic aerosols in the 
atmosphere, some of which are carcinogenic, teratogenic, or mutagenic. VOCs in ambient air originate from many sources, 
including vehicle exhaust, evaporation of gasoline, solvent use, natural gas emissions, and industrial processes, and undergo 
intricate chemical reactions in the atmosphere5-7. To develop efficient air pollution remediation strategies, it is important to 
clearly identify the emission sources and elucidate the reaction mechanisms in the atmosphere. 
Carbon stable isotope compositions (δ13C) of VOCs from some sources and in ambient air have been measured by gas 
chromatography/combustion/isotope ratio mass spectrometry (GC/C/IRMS). For example, Rudolph et al.8 used GC/C/IRMS to 
measure δ13C values for non-methane hydrocarbons in ambient air and in VOC emissions from tunnels, fuel stations, 
underground garages, and refineries. Turner et al.9 and Kawashima and Murakami2 used GC/C/IRMS coupled with a thermal 
desorption (TD) instrument to determine δ13C values for VOCs in vehicle exhaust emissions, industrial emissions, and ambient 
air. In these studies, slight δ13C differences between sources were found. More recently, Vitzthum Von Eckstaedt et al.10,11 and 
Kikuchi and Kawashima1 used gas chromatography/thermal conversion/isotope ratio mass spectrometry coupled with a thermal 
desorption instrument (TD-GC/TC/IRMS) to measure hydrogen stable isotope compositions (δ2H) of atmospheric VOCs. In these 
 
 
* Corresponding author. Tel.: +81-184-27-2166; fax: +81-184-27-2189. 
E-mail address: kawashima@akita-pu.ac.jp 
186   Hiroto Kawashima /  Procedia Earth and Planetary Science  13 ( 2015 )  185 – 188 
studies, larger δ2H differences between sources were found in comparison to the δ13C studies of Rudolph et al.8 and Turner et al.9. 
Therefore, determining δ2H values for VOCs in ambient air is potentially useful in identifying VOC sources and their reactive 
behavior in the atmosphere. However, to elucidate the sources and behavior of atmospheric VOCs accurately, variation of the 
isotope ratios of VOCs (isotopic fractionation) during atmospheric reaction must be characterised. Rudolph et al.12 and Iannone et 
al.13 measured δ13C values for atmospheric VOCs from some sources and isotopic fractionation of VOCs during reactions with 
OH radicals or ozone. Rudolph et al.8 also showed that the differences in the δ13C values might be caused by isotopic 
fractionation during atmospheric reactions with OH radicals. Since there are only a few studies on hydrogen isotope fractionation 
during photochemical reactions3,4,13,14, additional studies of photochemical reactions should be conducted. Therefore, we 
investigated the isotope fractionations of VOCs during photochemical reactions, including UV-induced reaction with OH radicals 
in the atmosphere. In this paper, we report δ2H values for benzene and toluene undergoing various irradiation conditions. 
2. Method 
We irradiated 21 VOCs standards (Benzene, Toluene, Styrene, m, p, o-xylene, Ethylbenzene, Heptane, n-Octane, 
Methylcyclohexane, 2-Methylpentane, 3-Methylpentane, 2,2-Dimethylbutane, 2,3-Dimethylbutane, 1,2,3-
Trimethylbenzene,  1,2,4-Trimethylbenzene, 2,2,4-trimethylpentane, Hexane, 2-pinene, 2-Methyl-1-pentene, Cyclohexane) with 
ultraviolet light for up to 309 h and measured the corresponding δ2H values using TD-GC/TC/IRMS. The single-substance gases 
were derived from liquid reagents (99%, Wako Pure Chemical Industries, Osaka, Japan). 10 L Tedlar bags (GL Sciences Inc., 
Tokyo, Japan) were used. Additionally an ultraviolet lamp (GL-20, Panasonic Co., Osaka, Japan), was used. The sample gases 
were prepared in the vessels and irradiated with ultraviolet light from the lamps in the dark. The vessels were then removed from 
the dark, and the δ2H values were measured (samples were diluted before measurement if necessary). 
Gaseous samples were injected into the TD apparatus (200 mL min–1) (GAS10, TOA DKK Co., Tokyo, Japan) via a Nafion 
tube (Perma Pure Dryers, GL Sciences Inc.). The adsorption tubes were packed with Tenax TA 60/80 mesh (3 mm × 3 cm × 2 
tubes) (Supelco, Sigma-Aldrich Japan Inc., Tokyo, Japan). VOCs in the samples were adsorbed at approximately 10 °C and were 
desorbed at approximately 300 °C. The TD apparatus was coupled to the injection port of the GC (Trace GC, Thermo Fisher 
Scientific Inc., Bremen, Germany), which was interfaced with the IRMS (MAT253, Thermo Fisher Scientific Inc.). The TD-
GC/TC/IRMS apparatus was automated using a programmable controller (PAL-1G, TOA DKK Co.). The Tedlar bags were 
conditioned before use by heating at 100 °C for 12 h in an oven and then cleaned five times with pure N2 (99.9995% pure, Taiyo 
Nissan Inc.). After use, the bags were washed, heated at 80 °C for 2 h in an oven, and then cleaned three times with pure N2. 
Hydrogen isotope analyses of VOCs were performed using the GC/TC/IRMS setup in a continuous-flow system. The thermally 
desorbed compounds were carried to the GC capillary column via a cryofocusing system. A Petrocol DH150 (150 m × 0.25 mm 
i.d., 1-μm film thickness, Supelco) capillary column was used for chromatographic separation with helium as the carrier gas. The 
flow rate of the carrier gas was regulated at 2.0 mL min−1 by a high-pressure regulator. The temperature program for the 
separation was as follows: 35 °C for 22 min → 95 °C at 5 °C min−1, 95 °C for 4 min → 280 °C at 37 °C min−1, 280 °C for 20 min. 
The thermal conversion reactor, consisting of an Al2O3 ceramic tube, required high temperatures (between 1430 and 1460 °C) to 
convert hydrogen species into H2. Therefore, the Al2O3 ceramic tube (320 mm × 0.5 mm i.d., Haldenwanger Inc., Waldkraiburg, 
Germany) was operated at 1440 °C in this study. δ2H was calculated according to equation (1): 
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where R is the [2H]/[1H] ratio of the standard (Rstandard) or sample (Rsample). δ2H values are reported in the δ notation (per mil) 
relative to the Vienna standard mean ocean water (V-SMOW). At the beginning and end of every measurement, one H2 reference 
gas pulse (99.9999% pure, –79.062‰, Alpha Gas, Japan Air Gases Inc., Tokyo, Japan) was automatically injected through a 
separate open split. An H2 reference gas with a δ2H value similar to that of the samples was selected and calibrated to the isotope 
ratio of a standard reference gas (–125.77‰ SMOW, SHOKO-1520H, Oztech Trading Co., Safford, AZ, USA) by a dual-inlet 
system coupled to the same IRMS instrument (MAT253). The H3+ factor for H3+ corrections was determined daily by means of 
ISODAT software (Thermo Fisher Scientific Inc.)15. Hilkert et al.16 have shown that the stability of the H3+ factor is of great 
importance in IRMS measurements. In our study, the value of the H3+ factor was stable at approximately 11–13 ppm mV–1. 
Blank measurements confirmed that the Tedlar bags were contaminant free, and baseline levels did not increase during our 
measurements. 
We confirmed the precision of the δ2H analysis by analyzing standard gas containing 58 VOCs (PAMS 58 standard gas, 1 ppm, 
Takachiho Chemical Industrial Co., Tokyo, Japan). We could measure 28 compounds; the standard deviations ranged from 1.1‰ 
to 5.3‰ for benzene and 2.2‰ to 3.1‰ for toluene (n = 7)1. The analytical precision in this study was reasonable in comparison 
to that of previously published studies10,17,18. 
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3. Results and Discussion 
The δ2H values for 18 compounds without benzene, toluene, and 2,2,4-trimethylpentane tended to increase as the irradiation 
time increased. For almost all compounds, the results showed trends similar to those reported by Oba and Naraoka4 and Iannone 
et al.3. The variation of δ2H values during ultraviolet irradiation of benzene, toluene, 1,2,4-Trimethylbenzene, and 
Methylcyclohexane is shown in Fig. 1. The initial δ2H values for benzene and toluene were –4.1 ± 0.6‰ and –40.1 ± 5.3‰, 
respectively; after 48 h of irradiation, the δ2H values were –203.5 ± 0.4‰ and –116.1 ± 7.7‰, respectively. Surprisingly, the δ2H 
values for both benzene and toluene tended to decrease as irradiation time increased. After the blank test, the δ2H values were –
9.8 ± 0.5‰ for benzene and –47.8 ± 0.1‰ for toluene. Thus, the difference in the δ2H values before and after the blank tests was 
within analytical precision. The peak areas were reduced by 19.1 V s for benzene (before: 102.4 ± 1.5 V s; after: 83.3 ± 0.0 V s) 
and 104.6 V s for toluene (before: 215.4 ± 8.9 V s; after: 110.8 ± 1.2 V s). We believe that this reduction of peak area is due to 
the adsorption or some kind of degradation of benzene or toluene inside the bags. 2,2,4-trimethylpentane is lighter than before 
irradiation, however, the difference for the δ2H values was –14‰, very small.  
Previously, we measured δ2H values for benzene and toluene in two sources (vehicle emissions and vaporized gasoline) and in 
ambient air (roadside air)1. The δ2H values in the roadside air were less than (approximately –150‰ and –120‰ at maximum for 
benzene and toluene, respectively) those in the vehicle emissions and vaporized gasoline, which could be explained by assuming 
isotopic fractionation during atmospheric reactions with ultraviolet light or OH radicals generated by ultraviolet light. Thus, the 
tendency of the δ2H values in the present study is consistent with our previous environmental measurements. We also determined 
δ13C values under these conditions. In contrast to the δ2H values, the δ13C values tended to increase as irradiation time increased. 
The δ13C values of benzene and toluene before irradiation were –26.8 ± 0.49‰ and –27.8 ± 0.17‰, respectively (peak areas: 
36.5 and 22.9 V s), compared with –23.2 ± 0.18‰ and –25.3 ± 0.61‰ (peak areas: 22.7 and 17.3 V s) after 23 h of irradiation. 
These results are in accordance with previous studies12,13,3,19. 
We calculated fractionation factors of 1.27 and 1.05 for benzene and toluene, respectively and from 0.83 (2-Methylpentane) to 
0.99 (Styrene). We calculated f as the fraction of the peak area at time t relative to the initial peak area. For benzene and toluene, 
our results disagree with the results of previous studies. Oba and Naraoka4 reported a fractionation factor of 0.96 for benzene, 
and Iannone et al.3 calculated a fractionation factor of 0.97 for toluene from hydrogen kinetic isotope effects. However, there are 
few existing studies on isotope effects during photochemical reactions, and the phenomenon is poorly understood.  
We are uncertain why the δ2H values for benzene and toluene tended to decrease as the irradiation time increased, but it 
seemed that something other than the mass difference of 1H and 2H (e.g., the bonding or the structure of the molecules) affected 
the δ2H values. Analogue to the inverse isotope effects by vaporization, the inverse isotope effects observed in this study might 
be caused by a decrease in the intermolecular binding energy (for example, van der Waals interactions) of the molecules 
containing heavier isotopes. Oba and Naraoka4 and Iannone et al.3 predicted that 13C and 2H enrichment is controlled by a kinetic 
process. In contrast, because the fraction factor was greater than unity, Wang and Huang20 and Poulson and Drever19 suggested 
that isotope fractionation during irradiation might have been controlled by equilibrium isotope effects rather than kinetic isotope 
effects, as in vaporization. However, it is difficult to justify this inference, because vaporization is related to molecular velocity, 
which does not involve any bond breaking or bond formation, in contrast to photoreaction. Isotope fractionation might also be 
related to intramolecular torsion. Ordinary benzene (C61H6) has a very stable chemical framework structure. However, benzene 
containing a deuterium atom, C61H52H, might exhibit torsion in the chemical framework structure and might preferentially 
undergo photolysis due to the torsion in comparison to C61H6. Probably, the trend and extent of isotope fractionation during 
photochemical reaction would differ depending on the kind of compound considered. We are currently investigating this 
interesting phenomenon. 
 We were able to identify an inverse isotope effect for the δ2H values for benzene and toluene under ultraviolet 
irradiation, which might provide a new approach for studying photochemical reactions of VOCs in the atmosphere. If the 
progress of a reaction in the atmosphere is known, δ2H analysis might be useful in estimating the source of a VOC more 
accurately and might lead to more efficient regulation of VOCs. In addition, using the inverse isotope effect to determine the 
precise isotopic fractionation might be helpful in elucidating complex reaction mechanisms for atmospheric VOCs. 
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Figure 1. δ2H during ultraviolet irradiation of target compounds 
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